A simple analytical approach based on a variational formalism is applied to an analysis of the switching dynamics of solitons in fiber nonlinear directional couplers. It is demonstrated that soliton switching may be described by a simplified Hamiltonian model that displays three different regimes of soliton dynamics, depending on the universal parameter, which is the ratio of the squared intensity v 2 to the coupling parameter K. It follows from the analysis presented that perfect soliton switching may be achieved only for the case v 2 / K < ir/2.
The particlelike dynamics of temporal solitons in nonlinear optical fibers suggests the potential application of the solitons to all-optical switching.
1 - 3 The idea of using solitons for the formation and switching of optical pulses is based on the fact that a solitary wave tends to maintain its identity in the presence of weak perturbations. One of the important applications of solitons to all-optical switching may be realized in so-called directional couplers (see, e.g., Refs. 4 and 5), in which power-induced switching is possible between two modes of a dual-core fiber coupled linearly through evanescent field overlap. For intense picosecond pulses the interplay between velocity dispersion and self-phase modulation is known to lead to the formation of soliton pulses, so that one may expect to improve the switching characteristics of short pulses by operating with soliton shapes of the input pulses. The all-optical switching of soliton pulses between the two linear modes of a nonlinear coherent coupler made from a dual-core fiber was investigated numerically by Trillo et al.' They demonstrated that optimal switching is achieved for incident pulses with pulse widths and peak powers comparable with those of the solitons for uncoupled nonlinear guides. They also noted that the pulse profiles are essentially unperturbed during the switching process, and the partial solitons behave in a collective manner.
In this Letter I propose a simple analytical model based on a variational formalism to describe the switching dynamics of solitons in fiber nonlinear couplers. It is assumed that two modes of a dual-core fiber operating in the anomalous dispersion regime are coupled so that the coupling admits an energy exchange between the soliton pulses belonging to different optical modes. Assuming that the soliton pulses maintain their identity and properties during the switching dynamics, I derive dynamical equations to describe evolution of the soliton amplitudes and phases. The equations may be reduced to a simple Hamiltonian model, which may be analyzed on the phase plane of the soliton parameters. I show that three different regimes of the soliton dynamics are realized, depending on the universal parameter, which is a ratio of the squared intensity PI to the coupling parameter K, so that the perfect soliton switching may be achieved for V 2 /K < T/ 2 .
The propagation of pulses in a nonlinear dualcore directional coupler can be described in terms of two linearly coupled nonlinear Schr6dinger (NLS) equations.' When the mode amplitudes are denoted by u and v and soliton units are used, 6 the equations may be written as
where K is the linear coupling coefficient and the variables are connected with a reference frame traveling at the common group velocity. If there is no linear coupling, K = 0, then each mode may support propagation of the soliton pulses of the form
where without coupling jf
2 X + <O). One of the main properties of the soliton pulses [Eqs. (3)] is a relation between the pulse width and its amplitude: The soliton's width (i.e., the duration of the pulse) is inversely proportional to its amplitude.
In the presence of the linear coupling, i.e., when K # 0, the soliton pulses [Eqs. (3)] become coupled through linear terms in Eqs. (1) and (2). Soliton interaction in the framework of the model of Eqs. (1) and (2) was analyzed in Refs. 7 and 8, where it was assumed that the solitons are of nearly equal amplitudes, P, V2, so that the results obtained are not suitable to describe switching dynamics of soliton pulses. An approximate model of nonlinear switching in the framework of the model of Eqs. (1) and (2) was developed in Ref. 9 , where it was assumed that the switching is realized through sech-like pulses of equal widths. As a matter of fact, the assumption used in Ref. In the present study I assume that soliton switching is realized through the soliton pulses [Eqs. (3)], which are proper solitons at each point of a coupler but the soliton parameters PI, v 2 , Xl, and 'P2 are slowly varying in x. To derive the equations for the soliton parameters, I use the Lagrangian formalism,' 1 ", 2 which may be considered a special (simplified) version of the soliton perturbation theory.' 3 The main idea of this approach is to reformulate the system of two coupled equations, (1) and (2) where a = (7IT/6 -1)/3. The system of Eqs. (9) and (10) As the next step, I assume that the spatial pulse evolution is described by Eqs. (3), where the parameters are slowly varying in x. By substituting soliton solutions (3) into the system Lagrangian L and integrating over t, it is possible to obtain an effective (averaged) Lagrangian L = f dtL:
where 0 = 'P -02. Then four evolution equations for the soliton parameters follow from the variational problem 8£ = 0. However, to simplify the final equations, I note that the system of Eqs. (1) and (2) has, even for the case K = 0, a few integrals of motion including the total energy:
Therefore the resulting equations for the soliton parameters may be reduced to those for the phase difference 'P and the relative difference of the soliton amplitudes:
provided that PI + V 2 = 2V = constant. Thus the final dynamical system describing the soliton switching may be written only for the two parameters and they are always unstable (the so-called saddle points). As a matter of fact, these unstable critical points are responsible for the switching dynamics of the soliton pulses, and the value c = ir/ 2 is, in fact, the threshold value of the perfect soliton switching. The phase plane corresponding to the soliton switching is shown in Fig. 1(a) . As follows from Fig. 1(a) , independently on the phase difference 0 perfect soliton switching may be easily achieved for a < 7r/2. Indeed, the case in which an input pulse is launched into one of the optical modes corresponds to the two possible values of the parameter A: A = 1(v2 = 0) and A = -1(vl = 0) [see Eq. (2)]. Then, starting at the lines A 2 = 1, one may conclude that all possible trajectories on the phase plane correspond to perfect switching: the intensity will be changing periodically between the two optical modes.
If the parameter a = l/K exceeds the threshold value IT/ 2 , the critical points on the lines A 2 = 1 disappear, but, instead, new ones appear at the same condition, and they are solutions of the Fig. 1 . Different regimes of the soliton dynamics described by the system of Eqs. (9) and (10) Finally, when parameter a exceeds the second threshold value, acr = 4/3(1 + IT 2 /12) 2.43, the critical points at A 0 0 disappear and, additionally, the critical points A = 0, cos ' = +1 become unstable.
The phase plane for this case is shown in Fig. 1(c) . As Fig. 1(c) In conclusion, soliton switching in nonlinear directional couplers has been analyzed in the framework of a simple analytical model derived from a variational formalism for soliton pulses interacting through a linear intermode coupling. The analytical model proposed displays three different regimes of the soliton dynamics, depending on the value of the ratio V 2 /K, which has been shown to be a universal parameter characterizing the soliton switching. It has been demonstrated analytically that perfect soliton switching may be achieved, provided that I gratefully acknowledge financial support of the Alexander von Humboldt-Stiftung through a research fellowship.
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